Validity of palatal superimposition of 3-dimensional digital models in cases treated with rapid maxillary expansion and maxillary protraction headgear Objective: The purpose of this study was to evaluate the validity of the 3-dimensional (3D) superimposition method of digital models in patients who received treatment with rapid maxillary expansion (RME) and maxillary protraction headgear. Methods: The material consisted of pre-and post-treatment maxillary dental casts and lateral cephalograms of 30 patients, who underwent RME and maxillary protraction headgear treatment. Digital models were superimposed using the palate as a reference area. The movement of the maxillary central incisor and the first molar was measured on superimposed cephalograms and 3D digital models. To determine whether any difference existed between the 2 measuring techniques, intra-class correlation (ICC) and Bland-Altman plots were analyzed. Results: The measurements on the 3D digital models and cephalograms showed a very high correlation in the antero-posterior direction (ICC, 0.956 for central incisor and 0.941 for first molar) and a moderate correlation in the vertical direction (ICC, 0.748 for central incisor and 0.717 for first molar). Conclusions: The 3D model superimposition method using the palate as a reference area is as clinically reliable for assessing antero-posterior tooth movement as cephalometric superimposition, even in cases treated with orthopedic appliances, such as RME and maxillary protraction headgear. 
INTRODUCTION
The evaluation of orthodontic tooth movement is an important step in the orthodontic treatment process. The superimposition of serial cephalograms has been widely used to measure orthodontic tooth movement. 1, 2 However, cephalometric superimpositions have seve ral limitations, including tracing errors, radiation exposure, and difficulties in evaluating tooth movements 3-dimensionally. 3 Many studies have evaluated orthodontic tooth movement by means of pre-and post-treatment dental casts. [4] [5] [6] [7] With the development of 3-dimensional (3D) technologies, the use of 3D digital models of dental casts have been investigated for diagnosis and treatment plan ning. [8] [9] [10] [11] Also, tooth movements can now be assessed using 3D superimposition of dental casts. [12] [13] [14] [15] [16] The 3D superimposition of digital models requires a stable reference area. Several studies examined the applica bility of the palatal rugae as a reference area for 3D superimposition. 7, 15, [17] [18] [19] However, no consensus seems to have been reached on the stability of the palatal rugae in conjunc tion with growth 20, 21 or orthodontic treatment. 4 In a previous study, we evaluated the possibility of using the palate as reference area for superimposition of 3D digital models based on surface-to-surface matching technology and demonstrated that this method is clinically reliable in extraction cases. 12 Maxillary protraction headgear with rapid maxillary expansion (RME) has been used in the treatment of Class III growing patients. This treatment modality can not only cause the forward movement of the maxilla and the maxillary dentition, but also change the shape of the palate. [22] [23] [24] The superimposition method using the palate as reference area has not been examined in growing patients who have undergone orthopedic treatment, such as RME and protraction headgear treatment. The purpose of this study was to evaluate the validity of the 3D superimposition method using the palate as a reference area in cases of RME and maxillary protraction headgear treatment.
MATERIALS AND METHODS

Sample
The material consisted of pre-and post-treatment maxillary dental casts and lateral cephalometric radiographs of 30 patients (12 males and 18 females, mean age 9.6 years) who underwent RME and maxillary protraction headgear treatment at Gangneung-Wonju National University Dental Hospital from 1998 to 2007. Inclusion criteria were (1) fully erupted maxillary central incisors and first molars, (2) no inflammatory swelling on the palate, and (3) successful treatment with RME appliances and maxillary protraction headgear. Details of patient ages and treatment periods are summarized in Table 1 .
Cephalometric analysis
The pre-and post-treatment cephalometric radiographs were manually traced on conventional translucent acetate paper. All bilateral structures were bisected. The coordinate system of Cha et al. 12 was used to evaluate tooth movement. On the pre-treatment tracing, the coordinate system was established with the occlusal plane as the X-axis and a line perpendicular to the occlusal plane through the sella as the Y-axis. This coordinate system was subsequently transferred to the post-treatment tracing ( Figure 1 ). The superimposition of cephalograms was performed on the palatal plane with anterior nasal spine (ANS) as the registration point. The antero-posterior and vertical movement of the tip of the central incisors and the mesial cusp tip of the first molars was measured. The radiographic magnification was adjusted to 100%. Age at initial record (yr) 9.6 ± 1.4 (7.3 -11. 
3D analysis of digital models
The 3D scanning of the maxillary dental casts was performed with a non-contact 3D optical scanner (Orapix, Orapix Co., Seoul, Korea; reliability, ±20 µm). The reconstruction and superimposition of the 3D digital models were performed using 3D reverse modeling software (Rapidform 2002, INUS Technology Inc., Seoul, Korea). On the pre-treatment digital model, the coordinate system was established with the junction of the incisive papilla and palatine raphe as the origin (0, 0, 0), resulting in the X-, Y-, Z-axes and 3 planes (Figure 2 ). To measure tooth movement, pre-and post-treatment, 3D models were superimposed using the palate as a reference area, which included the palatal rugae and palatal slope separated by 5 mm from the gingival margins of the bilateral posterior teeth, and did not extend distally beyond the line in contact with the distal surfaces of the bilateral first molars (Figure 3 ). The measuring points were the midpoint on the edge of the upper central incisor and the mesio-buccal cusp tip of the upper first molar (Figure 2) . The anteroposterior and vertical movement of the central incisors and the first molars were measured.
Methodological error
To reduce the error in identifying the measuring points, all measurements were performed twice by the same investigator at an interval of 2 weeks, and the average values of the measurements were used. The Figure 2 . The coordinate system. A, The X-Z horizontal plane includes the origin, which is the junction of the incisive papilla and palatine raphe and is parallel to the occlusal plane constructed by bilateral mesio-buccal cusp tips of the first molars and the midpoint of the central incisors. B, The X-Y sagittal plane, which is perpendicular to the horizontal plane, is made up of the origin point and one arbitrary point on the mid-palatal suture. C, The Y-Z frontal plane is the section inclusive of the origin and perpendicular to both the sagittal and the horizontal planes. The measuring points were the midpoint on the edge of the upper central incisors and the mesio-buccal cusp tips of the upper first molars. intra-examiner correlation coefficients of cephalometric variables were greater than 0.934, and those of 3D variables were greater than 0.996.
Statistical analysis
The antero-posterior and vertical tooth movements measured on cephalometric radiographs were compared with those determined using the superimposed 3D models. Bland-Altman plots using 95% limits of agreement (average differences ± 1.96 of the standard deviation of the differences) and intra-class correlation (ICC) were generated to determine whether a significant difference existed between the 2 measuring techniques. Data were processed with SPSS ver. 14.0 (SPSS Inc., Chicago, IL, USA).
RESULTS
The ICC values between 3D variables and cephalometric variables are listed in Table 2 Figure 4B ). In the first molars, the Bland-Altman 95% limits of agreement between cephalograms and 3D models were −1.3 mm to 1.1 mm, with a mean difference of −0.1 mm antero-posteriorly, and −1.3 mm to 2.1 mm with a mean difference of 0.4 mm vertically ( Figure 4C and 4D).
DISCUSSION
The importance of establishing stable reference structures for measuring the changes in tooth movement during treatment or growth cannot be overemphasized. Many studies have reported the stability of the palatal rugae as reference points for pre-and post-treatment dental comparisons on model casts. 4, 5, 7, 18, 24 Schwarze 24 advocated the use of the posterior medial rugae points in evaluating antero-posterior changes of the buccal teeth. van der Linden 18 reported that the lateral ends of the first rugae were stable. Almeida et al. 5 suggested that the transverse offsets and distances between the medial rugae points were generally stable, particularly for the first rugae. In studies measuring antero-posterior molar movement, Hoggan and Sadowsky 7 and Jang et al. 15 reported that the median end of the third palatal rugae could be used as a reliable landmark. Recently, we also reported that the palate can be used as a reference area to assess tooth movement in adult extrac tion cases. 12 However, the 3D superimposition method of palatal registration, which is a type of best-fit method, 12 has not been confirmed as a reliable method in cases of growth and orthopedic treatment. In cases of RME treatment, palatal depth is known to be reduced as a result of inferior displacement of the palatal shelves. [25] [26] [27] [28] Therefore, it is not surprising that the regional registration technique has not yet been confirmed as an accurate method in cases which a significant change of the palatal shape occurs during growth and/or orthopedic treatment.
In the present study, despite the changes in the palate after RME and maxillary protraction treatment, the antero-posterior incisor and molar movements measured using 3D superimposed models demonstrated very high correlations (0.956 for the incisors and 0.941 for the molars) with those measured in cephalometric radiographs (Table 2) . Additionally, the Bland-Altman Table 2 . Reliability of measurements based on the intra-class correlation coefficient (ICC) with 95% confidence interval (CI) 95% limits of agreement between cephalograms and 3D models had a range of ±1.1 mm for the incisors and ±1.2 mm for the first molars ( Figure 4A and 4C) . These results suggest that the 3D maxillary superimposition method is as clinically reliable for assessing antero-posterior tooth movement in RME protraction headgear cases as in cephalometric superimposition. However, the vertical movement of the upper central incisor and the first molar demonstrated only moderate correlations (Table 2) , and in the Bland-Altman plot, the 95% limits of agreement exceeded 2.0 mm ( Figure 4B and 4D ). These findings are not in accordance with those from our earlier study, which did not find any differences in the vertical variables either. 12 The difficulty in differentiating buccal cusps from palatal cusps bilaterally in cephalograms may be one of the reasons for the differences in the vertical measurements between the 2 methods. RME treatment causes extrusion of the palatal cusps as a result of buccal flaring of the maxillary molars 27, 29 and wedge-shaped opening of the maxillae. 26, 28, 30 Accordingly, future studies will need to consider the possibility of error in the vertical measurements, possibly through the use of landmarks that are temporarily attached to the buccal and palatal cusps of the molars and are recognizable both on the scan ned models and cephalograms.
Changes in palatal shape may be another source of error in the 3D superimposition method. Palatal depth was reported to decrease after RME treatment, 25, 28 despite the increase in arch width. As shown in Figure 3C and 3D, the inclination of the palatal slope was changed. Therefore, the best-fit superimposition in the present study should be carried out at the bottom of the palate to avoid lateral shifting of the pre-and post-treatment models when they are superimposed. This phenomenon may explain our observation that the vertical movements measured on 3D model superimposition were less extrusive than those measured on cephalometric superimposition.
The very high correlation between the 3D superimposition technique used in this study and the superimposition of cephalograms does not mean they are very precise, but neither is superior over the other. For the evaluation of long-term treatment results in growing patients, the best-fit method used in the present study may lead to different results. However, in the absence of stable structures−such as implants−this method is currently the best option.
Although the measurements on the 3D digital models and cephalograms were only moderately correlated in the vertical direction and opinions differ with respect to the problem of 3D superimposition on the mandible, this method is still valid with regards to clinical interpretations.
CONCLUSION
The 3D model superimposition is as clinically reliable for assessing antero-posterior tooth movement as cephalometric superimposition in cases treated by RME and maxillary protraction headgear. However, vertical tooth movements demonstrated only moderate agreement.
